
NaSA Tckaical Memorandum 83502 

Correlation of Flight Effects on 
Centerline Velocity Decay for Cold-Flow 
A c o u s ~ ~ ~ ~  Excited Jets 

Uwe H. von Glahn 
Lewis Research Center 
CIeueIarid, OAio 

(IASA-TM-83502) COBBELATICY GF PLIGHT 184- 1 1 8 8 3  
SZPBCTS 01 CEYTBRLIYE V E L O C I T Y  DECAY FOB 
COLD-PLUM ACOUSIlCALLX EXCAIZED JETS ( Y A S A )  
17 p HC AOL/I? A0 1 C S C L  i O A  Unclas 

63/71 42353 

Prepared for the 
One hundred sixth Meeting of the Acoustical Society of America 
San Ijicgo, California, November 7- 1 1, 1983 



CORRELATION OF FLIGHT EFFECTS ON CENTERLINE VELOCITY DECAY 

FOR COLD-FLOW 4COLSTICALLY EXCITED JETS 

IJwe H. von Slahn 

National Aeronautics and Space Admini5trat ion 
Lewis Research Center 

Cleveland, Ohio 44135 

ABSTRACT 

Acoustic exc i t a t i on  can i n f l u e w e  the larqe-scale s h b r  iaynr  s t ruc ture  
of j e t  flow, thereby causing the j e t  center l ine  v e l o c i t y  t o  decay mot-e rap id l y .  
This phenomena has numerous p r a c t j c a l  appl icat ions, such as the reduct ion of 
j e t l f l a p  impingement ve loc i t y  i n  order t o  reduce f lap  s t ruc tu ra l  loads f o r  
under-the-wins STOL a i r c r a f t  concepts. I n  the present paper, cold-flow 
center l ine  v e l o c i t v  decay data obtained w i t h  acorrstic exc i t a t i on  o f  the j e t  

(U exhaust f low are corre lated w i t h  and without f l i o h t  effects. I n i t i a l l y ,  
d 
a s t a t i c  data are corre lated i n  terms o f  a new acollstic parameter invo lv ing  t h e  
d 

I threshold suund leve l  needed t o  i n i t i a t e  acoustic e x c i t a t i c n  o f  the j e t  plume. 
W I t  i s  showr? tha t  fo r  a cjiven f l i g h t  speed, the s3me acodstic exc i t a t i on  param- 

e t e r  as tha. d~ve loped fo r  the s t a t i c  condi t ion i s  va l id .  F ina l l y ,  an aero- 
dynamic f l i g h t  effects parameter i s  included t o  cor re la te  the s t a t i c  and 
f l i g h t  center l ine  v e l o c i t y  decay data w i th  and \ . i thout  acoustic exc i ta t ion .  

INTRODUCTION 

Since the 19508s, the l i t e r a t w e  has become increasingly  rep le te  w i t h  
analyses and experiments aimed a t  determining and expla in ing the ef fect  of 
e x c i t i n q  shear flows. The methods used t o  exc i t e  the f low have var ied from 
spark sources and mechanical means t o  acoustics. The l a t t e r  method was in ten-  
s i v e l y  studied i n  reference 1, under NASA Contract NAS3-21987, i n  order t o  
obtain an understanding o f  the mechanism o f  subsonic broadbznd j e t  noise 
augmentation due t o  upstream tone-excitation. As pa r t  o f  t h i s  study, aero- 
dynamic j e t  plume data concerned w i th  changes o f  the center l ine  j e t  v e l o c i t y  
decay were obtained w i t h  and without forward ve loc i ty .  It i s  shown by the 
measured data tha t  t c ' ? -exc i ta t i on  o f  the j e t  plume reduces the core length 
and spreads the plume r a d i a l l v  ( f i q .  I ) .  Consequently, the l oca l  j e t  plume 
decay can he s i g n i f i c a n t l y  increased (lower v e l o c i t i e s )  by exc i t i np  the j e t  
plume. Such information i s  paramount f o r  manv p rac t i ca l  appl icat ions f o r  
plume decay a l te ra t ion ,  inc ludinp t9e reduct ion nf j e t i f l a p  i n te rac t i on  f o r  
STOL a i r c r a f t .  For example, i f  the j e t  impinqec~ent v e l o c i t y  on a STOL de- 
f lec ted  f l a p  system i s  reduced by tone-excitat ion the f a r - f i e l d  noise l e v e l  
a lso i s  reduced. I n  addit ion, the l oca l  f l a p  loads are 2 lso reduced by the  
lower impinqement v e l o c i t v  leading t o  lower f l a p  s t ruc tu ra l  weights. 

The most comprehensive plume decay data subject t o  acoustic tone- 
exc i t a t i on  are reported i n  reference 1. Included i n  t h i s  research are several 
subsonic j e t  Mach numbers, acoustic tone-excitat ion levels,  and both s t a t i c  
and f l i g h t  ( f r e e  j e t  s imulat ion) condit ions. A l l  of the data were obtained 
w i t h  co ld  flow and a conical nozzle. The mechanism by which tone-excitat ion 
a l t e rs  the f low structure, according t o  reference 1, i s  by the phase-locking 
o f  the large-scale j e t  s t ruc ture  w i th  the acoustic exc i t a t i on  signal.  The 
r e s u l t  i s  an enhanced mixinq o f  the j e t  stream w i th  the surrounding medSum b y  
which the j e t  ccre i s  reduced and the j e t  spread i s  enhanced. 



IQ the present paper, the data included i n  reference 1 are analysed and 
cor re la ted  i n  terms o f  global aerodynamic and acoustic parameters. The cor- 
r e l a t i o n  parameter developed accounts f o r  the effects o f  j e t  e x i t  Mach number, 
f 1 i g h t  speed, and acoustic tone-excitat ion leve l .  

FACILITY 

The data were obtained i n  the turbulence f a c i l i t y  describ=\d f u l l y  i n  
reference 1. Br ie f l y ,  the source sect ion used fo r  the acoustic experiments i s  
centered around a 10-cm diameter duct and u t i l i z e s  four  e!-ctro-acoustic 
100 watt  Al tec dr ivers  ( f i g .  2) .  Each d r i v e r  i s  enclosed i n  a pressure vessel 
t o  equal ize the pressure across the d r i v e r  diaphragm. The source sect ion i s  
located i n  a constant 10-cm diameter pipe sectiov, s i x  meters upstream of the 
nozzle e x i t  plane. The most c r i t i c a l  feature of the source sect ion i s  the 
requirement t o  generate modes i n  i so la t ion .  To achieve th i s ,  the input  s igna l  
f o r  each d r i v e r  i s  passed through ind iv idua l  power ampl i f ie rs  w i th  prov is ion 
for input  (amplitude and phase) cont ro l  i n  order t o  ensure generation of t he  
plane wave (0,O) mode, o r  the h e l i c a l  (1,O) mode i n  i so la t i on .  

DATA ANALYSIS 

Although both (0,O) and (1,0) modes were studied i n  reference 1, the  
effect on the j e t  plume decav were much greater for  the plane wave (0,O) mode 
than f o r  the h e l i c a l  (1,O) mode. Thus, only  the  10,0) mode data are included 
herein. Furthermore, i t  was determined tha t  an exc i ta t i on  Strouhal number of 
0.5 resu l ted  i n  near maximum acoustic tone-excitat ion leve ls  and concurrent ly  
most rap id  center l ine  j e t  v e l o c i t y  decav. Consequently, on ly  data a t  t h i s  
e x c i t a t i o n  Strouhai number i s  included i n  the present analysis. 

RESULTS 

I t  i s  wel l  documented i n  the l i t e r a t u r e  t h a t  j e t  e x c i t a t i o n  under s t a t i c  
operat ing condit ions can r e s u l t  i n  the plume e f fec t r  noted prev iously  fo r  f j g -  
ure I .  In the fo l low inq sections, the s t a t i c  center l ine  j e t  v e l o c i t y  decay 
data are f i r s t  corre lated w i th  and wjthout exc i ta t ion .  The f l i q h t  cen te r l i ne  
j e t  v e l o c i t y  decay data are then corre lated w i th  and x i t h o u t  exc i t a t i on  and 
compared w i th  the s t a t i c  data. 

S t a t i c  Operating Conditions 

Without exc i tat ion.  - The center l ine  j e t  v e l o c i t y  decav o f  reference 1 i s  
shown i n  f i g u r e  3 corre lated i n  terms o f  the s t a t i c  v e l o c i t y  r a t i o ,  U l l i j ,  as 
a funct ion of the re la t ionsh ips  developed i n  references 2 and 3. These a re  
given by: 

whi le  the range of j e t  Mach numbers i s  l i m i t e d  for  the data i n  f igure 3, i t  5s 
shown :a  reference 3 tha t  equation (1) i s  appl icable over a wide ranqe of j e t  
Mach numbers, inc luding supersonic flow. It should be noted tha t  the curve 
shown i n  f i gu re  3 i s  f a i r e d  through the present data but i s  s im i l a r  t o  t ha t  
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given i n  reference 3; be ing d isp laced by  a  f a c t o r  o f  about 1.04 t o  t h e  r i q h t  
on t ne  abscissa from the  general curve g iven i n  t he  re ference 3. 

With exc i t a t i on .  - Typica l  exc i t ed  f l o w  c e n t e r l i n e  j e t  v e l o c i t y  decay 
r e s u l t s  f rom reference 1 are shown i n  f i g u r e  4  f o r  a  j e t  Mach number of 0.58. 
The acoustic- tone-exc i ta t ion  l e v e l s  a t  t he  nozz le  e x i t  associated w i t h  these 
da ta  range f rom 128 t o  1 4 i  dB. Also shown i n  t h e  f i gu re ,  f o r  comparison, i s  
the  s t a t i c  decay curve from f i gu re  3. I nc reas inq l y  more r a p i d  decreases i n  
( U I U j )  w i t h  ( X / D )  occur w i t h  increases i n  t he  e x c i t a t i o n  l e v e l .  S im i l a r  
r esu  t s  were obtained w i t h  a  Mj o f  0.78. 

I q  re ference 4, i t  was determined t h a t  a  minimum e x c i t a t i o n  o r  th resho ld  
acoust ic  l e v e l  e x i s t s  below which t he  plume f l o w  i s  no t  oxci ted.  Th is  thresh- 
o l d  acoust ic  e x c i t a t i o n  l eve l ,  spec i f i ed  a t  t h e  nozz le  exhaust plane, i s  a  
func t ion  o f  t he  j e t  Mach number and t he  St rouhal  e x c i t a t i o n  number, S,. From 
f igu res  39 and 40 i n  re ference 4, t h e  acoust ic  e x c i t a t i o n  th resho ld  l eve l s ,  
i ~ ,  f o r  t h e  j e t  e x i t  Mach numbers o f  0.58 and 0.78 were determined t o  be 124 
and 129.5 dB, r espec t i ve l y  a t  a  Strouhi i l  e x c i t a t i o n  number, Se, o f  0.5. 

I n  o rder  t o  c o r r e l a t e  t h e  v e l o c i t y  decay data associated w i t h  va r ious  
acoust ic  tone-exc i ta t ion leve ls ,  L, t h e  a x i a l  d is tancel temperature parameter 
shown by  t he  abscissa i n  f i g u r e  3 must inc lude  an acoust ic  e x c i t a t i o n  param- 
e te r ,  des i gna~ed  he re i n  as L,. An eva lua t ion  o f  several  mathematical ex- 
press ions f o r  such a parameter i nd i ca ted  t h a t  one i n  t he  form o f  [l + f ( L ) ]  
appeared su i tab le .  I n  f i g u r e  5 i s  shown t he  v a r i a t i o n  o f  [Le - 1) as a 
funct ion o f  the  measured and th resho ld  acoustSc tone-exc i ta t ion  leve ls .  A 
s t r a i g h t  l i n e  through t he  data y i e l d s  t h e  f o l l o w i n g  emp i r i ca l  parameter: 

which i s  considered t o  be v a l i d  f o r  f L  - LT) > 0. 
I n  f i g ~ ~ r e  6 are  shown t he  co r re l a ted  s t a y i c  c e n t e r l i n e  j e t  v e l o c i t y  decay 

da ta  w i t h  exc i t ed  f low.  Also shown f o r  cpmparison i s  t he  curve f rom the  decay 
data w i thou t  e x c i t a t i o n  ( f i g .  3) .  I t  i s  apparent t h a t  equations ( 1 )  and ( 2 )  
c o r r e l a t e  t he  decay data w i t h  and w i t hou t  acoust ic  tone-exc i ta t ion  extremely 
we l l .  

F l i g h t  Operating Condit ions 

I n  c m s i d e r i n g  f l i g h t  e f f e c t s  on the  j e t  plume v e l o c i t y  decay, t h e  
( IJIU-)  o rd i na te  i n  t he  prev ious f i g u r e s  i s  conven t iona l l y  modif ied t o  in -  
c l ude  t h e  f l i g h t  ve l oc i t y ,  Uo, lead ing  t o  a  v e l o c i t y  decay parameter given 
by  (U - Uo)/(Uj - Uc) .  This parameter w i l l  be I J S ~ ~  h e r e i n a f t e r  f o r  a l l  p l n t s  
i n v o l v i n g  f l i g n t  speed. 

Without exc i t a t i on .  - I n  f i g u r e  7, t he  t y p i c a l  e f f ec t  o f  f l i g h t  speed on 
the  c e n t e r l i n e  j e t  v e l o c i t y  decay i s  shown. Also shown 'n the  f i g u r e  f o r  corn- 
par ison i s  t he  s t a t i c  curve f rom f i g u r e  3. The v e l o c i t y  decay curve i s  seen 
t o  be s h i f t e d  t o  the  r i g h t  w i t h  increas ing f l i g h t  speeds. 

For t he  data i n  re ference 1, t he  e f f e c t  o f  f l i g h t  speed on t he  c e n t e r l i n e  
j e t  v e l o c i t y  decay was co r re l a ted  b y  t he  f o l l o w i n g  e m p i r i c a l l y  determined 
parameter: 



I n  f i g u r e  8 are shown the cor re la ted  cen te r l i ne  j e t  v e l o c i t y  decay data f o r  
t he  several f l i g h t  speeds included i n  reference 1. Again shown f o r  comparison 
i s  the s t a t i c  curbe from equation (1). Good agreement f o r  the s t a t i c  condi- 
t i o n  and a l l  f l i g h t  speeds was obtained by the  use of equation (3). 

With exc i ta t ion .  - Before evaluat ing the a p p l i c a b i l i t y  o f  the  unexcited 
f low f l i g h t  speed parameter (eq. ( 3 ) )  t o  exc i ted flow, i t  i s  necessary t o  
determine if equation ( 2 )  i s  appl icable ' o  exc i ted f l ow  i n  the  presence of 
f l i g h t  spzed. 

I n  f igure 9, i s  shown the  cen te r l i ne  j e t  v e l o c i t y  decay data f o r  constant 
f l i g h t  speeds and several acoustic tone-excitat ion levels ,  inc lud ing  no acous- 
t i c  exc i ta t ion .  I t  i s  evident t ha t  equation (2), developed f o r  exc i ted j e t  
f low under s t a t i c  condit ions appl ies equal ly  we l l  t o  f l i g h t  condit ions. 

The t yp i ca l  e f f e c t  o f  f l i g h t  speed on the exci ted center l ine  j e t  v e l o c i t y  
decay i s  shown i n  f i g u r e  10, Also shown f o r  comparison are unexcited decay 
curves a t  the same f l i g h t  speed. I n  general, the exci ted plume decay data 
e x h i b i t  the same trends w i th  f l i g h t  speed as the unexcited plume data. I n  
f i gu re  11, the exci ted plume data from reference 1 are shown cor re la ted  fo r  
the e f fec ts  o f  acoustic exc i t a t i on  l eve l  and f l i g h t  speed. Again, the s t a t i c  
decay curve from f i g u r e  3 i s  used as a reference. I n  general, the equations 
developed here in corre lated the exci ted plume v e l o c i t y  decay w i t h  and wi thout  
f l i g h t  speed i n  an acceptable manner. 

CONCLUDING REMARKS 

I t  har been shown i n  the present work t h a t  i n  a global sense, the center- 
l i n e  j e t  v e l o c i t y  decay w i th  and without acoustic tone-excitat ion and fo r  both 
s t a t i c  and f l i g h t  condit ions can be ccr re la ted  by the  use of e x c i t a t i o n  and 
f l i g h t  parameters. However, i t  i s  apparent t ha t  i n  the j e t  core region 
(XI0 < 5) the  shape o f  the v e l o c i t y  decay curve i s  d i f f e r e n t  f o r  exc i ted f low 
than for  unexcited f low. The d i f fe rence i s  i l l u s t r a t e d  i n  f i g u r e  12. Shown 
i n  the f i gu re  ere unexcited, exc i ted and cor re la ted  exci ted center1 i ne  j e t  
v e l o c i t y  decay curves. The present co r re la t i on  equations do not  account f o r  
the  crosshatched r e ~ i o n  shown i n  the f igure .  I n  t h i s  region, the  reduced 
loca l  ve loc i t y  decay amounts t o  less than 4 percentage points  f o r  the data i n  
reference 1. However, when considering some other  means of e x c i t i n g  the j e t  
plume, such as the use of a Whist ler nozzle ( r e f .  5), the l oca l  reduced decay 
i n  the core region can amount t o  as much as 15 percentage points .  As i n  the 
case o f  the present data, the loca l  reduced decay w i t h  a Whist ler nozzle i s  a 
funct ion of j e t  e x i t  Mach number, decreasing ( l ess  l o c a l  v e l o c i t y  reduct ion)  
w i th  increasing M e  values. However, i t  should be pointed out a lso tha t  
e x c i t i n g  the j e t  pjume wi th  a mechanical r o t a t i n g  d isk ( re f .  6 )  o r  a e l l i p t i -  
ca l  focusing rad ia to r  (ref.  7 )  does not appear t o  cause a reduced l oca l  
v e l o c i t y  decay i n  the core region. Rather, the exci ted j e t  v e l o c i t y  decay 
curve has the same shape as the unexcited j e t  v e l o c i t y  decay curve and i s  
merely s h i f t e d  t o  lower values o f  the a x i a l  distance parameter. Furthermore, 
l i m i t e d  data i n  reference 1 indicates t h a t  the reduced loca l  v e l o c i t y  decay i n  
the  core region tends t o  disappear w i t h  increasing f l i g h t  speed. The ava i l -  
able data are too l i m i t e d  t o  j u s t i f y  co r re la t i on  o f  t he  reduced v e l o c i t y  core 
region a t  t h i s  time. 

I t  i s  apparent from t h i s  discussion tha t  much fundamental research needs 
ye t  t o  be done, p a r t i c u l a r l y  i n  the core region, i n  order t o  understand the  
j e t  f low phenomena associated w i th  exc i ted j e t s  i n  both s t a t i c  and f l i g h t  
condit ions. F ina l l y ,  the e f fec t  of elevated plume s t a t i c  temperatures on 



the excited velocity decay characteristics must be determined in order to 
assess the benefits derivable from acoustica1:y excited jets for practical 
applications. 

CONCLUSIONS 

From the present global analysis concerned with the centerl ine velocity 
decay of unexcited and excited jet plumes with and without forward velocity, 
the following conclusions can be made for the data included herein: 

1. A correlation equation developed to correlate stat i z  acoustic tone- 
excited jet velocity decay also is applicable to that obtained in flight. 

2. A correl at' 2n equatioq developed to correlate unexcited jet velocity 
decay in flight also correlates acoustic tone-excited jet velocity decay on 
the same curve. 

3. Significantly more research needs to be cofiducted to understand local 
velocity decay characteristics associated with excited jets, particularly in 
the core region with higher levels of acoustic excitation and at elevated 
plume static temperatures. 

SYMBOLS 

nozzle di arneter 
acoustic tone-excitation level, dB 
acoustic excitation parameter 
acoustic excitation threshold level, dB 
jet exit Mach number 
Strouhal excitation number 
jet exit static temperature 
ambient temperature 
local centerl ine jet velocity 
f~rward flight parameter 
jet exit velocity 
flight velocity 
centerline axial distance measured from nozzle exit 
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Figure 1. - Schematic sketch cf  acoustic 
tone-excitation effects on jet velocity 
decay. 
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Figure 2. - Turbulence facility (ref. 1). 
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Figure 3. - Centerline jet velocity decay for 
static, unexcited flow conuitions. Reference 
1 data. 
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Figure 4. - Typical effect of tone-excitation 
on centerline jet plume velocity decay. 
Mj, 0. M; ref. 1. 
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Figure 5. - Correlation of acoustic excitation 
parameter with acoustic tone-excitation 
level. 



EXCITATION 
LEVEL, 

L, 
dB 

0 
0 

0 
128 

0 1 36 
n 141 

(b) Mj = 0.78. 

Figure 6. - Correlated centerline jet velocity decay for 
static flow conditions, with and without excitation. 
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Figure 7. - Flight effect on unexcited center- 
l ine jet velocity decay. 
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Figure 9, - Correlztion of center l ine jet velocity de- 
cay for constant f l ight conditions, with and with- 
out excitation. 



EXC!?AT ION 
LEVEL, 

L, 'J, 

a B ml s 

Figure 10. - Effect of flow excitatior! rn center l i r~e 
velocity decay with and without flight sped. 
Mj  = 0.58. 
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Figure 12. - Close-up af centerline jet velocity decay 
core region. Static conditions ; Mj = 0.58. 


